Capillary sizes, the amounts of endothelium, pericytes, basal lamina (BL), and lumina were measured with planimeter on electron micrographs of 20 capillary cross sections from each of 40 skeletal muscle specimens obtained from any of eight specific body sites of 20 diabetics. While the capillaries in the distal abdomen and the proximal thigh do not have thickened BL, those in the muscles of mid-abdomen, chest wall, hand, mid-thigh, mid-lower leg, and foot have significantly increased amounts of BL. The remaining parameters differ among body sites, generally following a pattern established earlier for the skeletal muscle capillaries of nondiabetics. Because of the focal and regional distribution of BL thickening and because it occurs also in nondiabetics, it is concluded that BL thickening is a common but not characteristic feature of diabetes mellitus. A possible mechanism which may lead to BL thickening is proposed and discussed.
arteries and arterioles, while excessive accumulation of basal lamina (BL*) characterizes in part the structural changes in the capillaries. In the capillaries of the retina4 and in the glomeruli58 BL thickening occurs characteristically and commonly in the presence of diabetes mellitus while in capillaries of skinr"0 and skeletal muscles"-"6 of diabetics it is common but not present regularly and in every site.
Our earlier observation'17 that BL thickening did not occur in capillaries of the abdominal wall muscles in patients with chemical and overt diabetes mellitus suggested the possibility that the occurrence and the degree of thickening may be related in a regular way to the anatomic site from which the specimen is obtained. To investigate this question, the present study explores systematically the occurrence and the extent of capillary BL thickening in skeletal muscles from eight different sites of the body. Dimensional changes in other capillary components resulting principally from cell loss4 and cell' proliferation8 have also been reported to occur in diabetes mellitus. The present study, therefore, attempts to determine whether these changes occur in capillaries of skeletal muscle and if they too are related in a regular manner to the anatomic site of the biopsy. Methods Forty skeletal muscle specimens were obtained from 20 male diabetics who were hospitalized for a variety of conditions (table 1) . In 15 instances the tissues were obtained fresh at the time of surgery (specimens 1 through 42, table 1); the remaining 25 specimens were obtained at the time of autopsy from six bodies. Table 1 indicates the sites from which the specimens were obtained, as well as pertinent clinical information. The mean age of patients was 62.6 years + 12.0 SD, with the range from 37 to 78 years. All patients had multiple determinations of plasma glucose, most of which were carried out while the patients were on the appropriate therapy for diabetes mellitus. The average values for the fasting levels and the levels 2 hr after oral carbohydrate load of 100 g of glucose in orange juice are listed in table 1. The glucose was measured in plasma with the autoanalyzer, using the standard ferricyanide method.
The biopsies and the autopsy specimens were taken from the following eight levels of the body: (1) hand (muscles of the hypothenar eminence), two specimens; (2) chest (central part of the pectoralis major), four specimens; (3) midabdomen (rectus abdominalis, from the level of the umbilicus), seven specimens; (4) distal abdomen (internal or external oblique muscle, adjacent to the inguinal canal), five specimens; (5) proximal thigh (proximal end of sartorius), three specimens: (6) mid-thigh (middle, anterior part of rectus femoris), nine specimens; (7) midlower leg (middle, anterior part of the tibialis anterior), seven specimens; and (8) foot (lateral plantar muscles), three specimens.
The tissues for this study were obtained concurrently with those used for evaluation of capillaries in nondiabetics. 18 Since all specimens were identified only by a number given to it by a technician, the specimens from diabetics and nondiabetics were indistinguishable and were treated in exactly the same manner from their removal until completion of computations. This pertains to all technics, including those used for obtaining specimens and their fixation, for embedding and staining of sections, obtaining electron micrographs, selecting 20 electron micrographs per specimen, measuring the appropriate areas on capillary cross sections, and computing the results. Only after the computed results were available were the specimens related to the appropriate patients.
The details of the technics as well as the rationale for their use and the quality control tests are described in detail in conjunction with the evaluation of capillaries from nondiabetics. The final figures used for statistical analyses were those for the following parameters: (1) area of capillary cross section in A2, (2) area of lumen in p.2, (3) percentage of capillary cross section area occupied by the lumen, (4) area of endothelial cytoplasm in p2, (5) percentage of capillary wall area occupied by endothelial cytoplasm, (6) area of pericyte cytoplasm in A2, (7) percentage of capillary wall area occupied by pericyte cytoplasm, (8) area of BL in p2, and (9) percentage of capillary wall area occupied by BL. The data obtained from 20 capillary cross sections per specimen were used to determine the specimen means and standard deviations for each of these parameters. Means and standard deviations of these parameters were also determined for all capillaries which were obtained from the same anatomic location; finally the means and standard deviations were determined for all capillaries for each of the nine parameters. The Student t-test and analysis of variance were used for statistical evaluation.
Results
In table 2, the mean values + sD for 20 capillaries per specimen are shown; also listed are the means SD for each group of specimens originating from the same sampling site as well as the overall means + S for each of the nine parameters.
Areas of Capillary Cross Sections
Areas occupied by total capillary cross sections vary between 6.5,U2 and 170.0/A2 with an overall mean of 41.2/A2 + 22.0 sD. The range of means for individual specimen extended from 23.7p.2 + 8.2 SD to 96.0W2 + 34.4 SD. The smaller capillaries are prevalent at the levels of chest, mid-abdomen, distal abdomen, and proximal thigh while in the muscles of the hand, mid-thigh, lower leg, and foot the capillaries are generally larger. The differences between the eight sampling sites are statistically significant (F = 30.5, d.f. = 7/792, P < 0.001). In relative terms, the lumina of all capillaries occupy 34.6% + 18.4 SD of the respective total capillary areas, with the range extending from 0 to 81.0%. The means for individual specimen range from 11.8% + 9.5 SD to 58.4% + 12.6 SD. Lumina of capillaries from mid-thigh, lower leg, and foot muscles are the smallest relative to total capillary sizes. The differences among body levels are statistically significant (F 28.7, d.f. = 7/792, P < 0.001).
Areas of Endothelial Cytoplasm
The cross-sectional areas covered by endothelial cytoplasm range from 2.7,u2 to 46.Op2 with a mean of 9.8pA2 + 5.6 SD. The range of means for individual specimens is from 6.2U2 + 2.6 SD to 23.4/u2 ± 7.7 SD. The capillaries of the hand, mid-thigh, lower leg, and foot muscles have on the average larger complements of endothelium than capillaries in the remaining body sites. These differences are statistically significant (F = 18.4, d.f. = 7/792, P <0.001). In relative terms, the endothelial cytoplasm covers between 10.0% and 80.0% of capillary wall areas, with the mean of 43.5% ± 13.7 SD. The means for individual specimen range from 22.0% ± 8.3 SD to 61.1% + 11.0 SD. The capillary walls of distal abdomen and proximal thigh have, on the average, the largest proportion of endothelial cytoplasm while capillary walls of mid-thigh, lower leg, and foot have the least. The differences between the eight body levels are statistically significant ( F = 56.9, d.f. = 7/ 792, P <0.001).
Areas of Pericyte Cytoplasm
The pericyte cytoplasm occupies between 0 and 24.0,U2 with a mean of 2.6,u2 ± 3.3 SD. The means for individual specimens range from 0.7 2 ± 0.6 SD to 10.0j2 + 6.5 SD. Similar to the distribution of endothelial cytoplasm, the capillaries of hand, mid-thigh, lower leg, and foot muscles have on the average more pericyte cytoplasm than the capillaries of the remaining body sites. These differences among the eight sites are statistically signifi-cant when tested with analysis of variance (F=26.9, d.f.=7/792, P<0.001).
The pericyte cytoplasm occupies between 0 and 35.0% of capillary wall area. The mean for all capillaries is 8.6% + 6.9 SD while the means for individual specimens range from 3.7% + 4.3 SD to 14.9% + 8.4 SD. Although the capillaries of foot muscles have a somewhat larger investment of pericyte cytoplasm than those from the remaining body sites, the differences are not statistically significant.
Areas of Basal Lamina (BL)
The basal lamina occupies between 1.3/L2 and ll9.Ou2 of the total capillary area with an overall mean of 12.8,u2 + 11.7 SD. The means for individual specimen range between 4.2p2 + 1.1 SD to 43.2,u2 + 22.8 SD. The differences among the various levels are striking:
The least BL is present at the levels of the distal abdomen and proximal thigh while the remaining sites have considerably more. The least BL appears to increase with increasing distance from the area of the groin. The differences among the eight levels are statistically significant (F = 52.0, d.f. 7/792, P<0.001).
In relative terms, the BL occupies between 17.7% and 88.5% of capillary wall area. The mean is 48.0% + 13.9 SD, and the range of means for individual specimen extends from 33.3% + 10.2 SD to 74.3% + 8.8. The relative amount of BL also increases proximally and distally from the distal abdomen and proximal thigh and reaches its maximum at the level of lower leg. The differences among the various levels are statistically significant (F = 52.7, d.f. = 7/792, P <0.001).
No statistically significant correlations were found between the respective ages, blood pressure, degrees of glucose intolerance, and known duration of diabetes on the one hand and the degree of capillary BL thickening on the other to explain the variations in the BL thickening from one patient to another.
Discussion
All measured and calculated parameters used in this study revealed a remarkable variation among the 20 tissue specimen, among specimens from identical anatomic sites of different individuals as well as among specimens from different sites of the same individuals. Despite this variance, the data show that significant quantitative Circulation, Volume XLI, February 1970 differences exist among the different anatomic sites. In diabetics, these differences from one site to the next are strikingly greater than those described for the skeletal muscle capillaries from patients without diabetes Cross section of capillary from hypothenar muscles (specimen 113, table 1): the capillary wall consists of 51% endothelium (E), 4% pericyte (P), and 45% BL. The thickened BL is composed of two lamellae of similar width. The inner lamella splits to encompass the pericyte. Attached to the capillary is additional redundant BL material. The lumen (L) of the capillary contains plasma. BL of the skeletal muscle cell (M) is not thickened. Specimen from same individual as figures 3 and 4; X 11,500. mellitust8 and are particularly marked for the investments of capillary BL.
The least amount of BL occurs in the capillaries of the distal abdomen and the proximal thigh muscles ( fig. 1, gray bars) where it is indistinguishable from that of nondiabetics ( fig. 1, black bars) . With the increasing distance from the groin region, the amount of BL increases more in diabetics than in nondiabetics, resulting in statistically significant differences between the two groups of patients. These increases, which reach the maxima in the muscles of the lower leg and foot, occur in relative (that is, as percentage of capillary wall area) as well as absolute (in p3_) values, are not solely due to longer circumferences of the larger capillaries but reflect actual widening of the BL layer. with severe degree of BL thickening, cylinders composed solely of BL material are encountered in the interstitium (fig. 5 ). Their size and configuration suggest that they represent remains of capillaries from which the cellular elements have disappeared. While lamellation and redundancy of BL occur in capillaries from nondiabetics when increased width of BL is present,'7 empty BL cylinders were not seen in nondiabetics.
The remaining parameters of capillaries which were measured and calculated are markedly influenced by the varying amounts of capillary BL. The areas occupied by entire capillary cross sections are smallest in the muscles of the distal abdomen and proximal thigh, that is, in the sites with least BL, while Circulation, Volume XLI, February 1970 they are larger in sites with wider investment of capillary BL (table 2) . Although the principal contributor to these differences is BL, the endothelial and the pericyte cytoplasm participate in a smaller degree by their tendency to occupy larger areas on capillary cross sections of the leg and hand muscles than those of the trunk (table 2) .
The site-related differernces in the amount of endothelial and pericyte cytoplasm are generally indistinguishable from those observed in nondiabetics.'8 The difference between the two groups of patients is apparent only in the relative amounts of endothelium and pericytes (when viewed as percentage of capillary wall areas) since diabetics have more BL in capillaries in six of the eight sites. An overall 2VRACKO Figure 4 Cross section of capillary from muscles of foot (specimen .107, table 1). The capillary wall area consists of 31% endotheliunm, 2% pericytes, and 67% BL. The irregular thickening and the lamellation of the BL are apparent. BL is not thickened between the endothelium and pericyte. Cytoplasmic vacuoles contain BL-like material. Specimen from samne individual as figures 2 and 3; X 11,500. loss of pericytes and endothelial cells, as has been described for the capillaries of the retina,4 has not been observed; nor was there evidence for cell proliferation comparable to that reported for the glomerular mesangium.
The capillary calibers, when gauged by the areas of lumen occupied on capillary cross sections, are on the average of uniform sizes in the hand and trunk muscles yet significantly smaller in the generally larger capillaries of the leg (table 2 ). An almost identical pattern has been noted for the capillaries of nondia-beticsY "
The principal difference between the structure of skeletal muscle capillaries in nondiabet-ics and overt diabetics is then to be found in the amount of BL in most sites of the body except in the region of the groin. This peculiar relationship of BL thickness to the biopsy site may explain the earlier apparently conflicting observations. While BL thickening of skeletal muscle capillaries has been reported to occur in 75 to 100% of patients with diabetes mellitus when muscles from mid-thigh,1', 14 calf,11' 19 trunk,' 12 and some unspecified sites'6' 20 were examined, it was absent in capillaries which were obtained predominantly from the distal abdominal and proximal thigh muscles.'s Interestingly, similar regional differences occur also in the capillaries of the skin:
Circulation. Volume XLI, February 1970
Figure 5
Lamellated BL, containing degenerated cells and cellular debris, is shown in the interstitium of skeletal nmuscele. Deeper sections into the tissue block confirmed that the structure is a partially collapsed cylinder, apparently the remnant of a capillary. The adjacent skeletal muscle cell.s also exhibit degenerative chlarnges as well as partial lamellation of BL. Specimen 107; x 11, 500 in 88% of patients with diabetes nil-ellittis the capillary BL was thickened in skirn of toes9 but was not thicekened ini skin of ear lobes2 unless hypertensiorn was present.21 Thlickened capillary BL has been reported to occur rarely in skin of fingers whlere, when present, it is not related to the diabetic process.22 In capillaries of adipose tissues, BL tlhickening was reported to occur in mid-thigh14 biit not in another unspecified site.20
The etiology of BL thickening in capillaries of skeletal muscle remains obscuire. While it may be related to hyperglycemia and to deficiency of insulin,23 it does not constitute a lesion which is characteristic for diabetes mellitus, since it occurs in nondiabetics'8 and Circulation, Volume XLI, February 1970 in patients with myxedema 5 24 or polymyositis.25' 20; The irregular distribution of BL thickening among adjacent capillaries and the complete sparing of some capillary beds suggest that the formation of thickened BL is probably influenced by some local factors.
The mechanism which leads to capillaries with thickened BL is suggested by the structure of such capillaries. The layering, lamellation, and redundancy of the BL'1,16'18 suggest a mode of formation that may be the result of repeated depositions of BL layers by suiccessive generations of endothelial cells and pericytes. It is conceivable that the empty BL cylinders and redundant BL sheets in the interstitium of skeletal muscle which were C 281 VRACKO depicted by Zachsl6 and were also seen in our material ( fig. 5 ) are the residue of capillaries in which the cellular elements have degenerated and largely disappeared. Later, wvhen new capillaries composed of endothelium, pericytes, and BL have formed within the old BL tubes, the capillaries have two layers of BL similar to those shown in figure 2 . Repetition of this process leads then to capillaries with multi-layered BL giving it the lamellated appearance demonstrated in figure   4 . The nonlamellated and not thickened BL layer between the endothelial cells and pericytes which is so commonly seen in capillaries with generally thick BL represents probably the newly formed BL. In figure 4 a 700A wide layer of BL separates the endothelial cell from the pericyte and continues then as a nmoderately well-defined lamina around the pericyte as well as around the entire perimeter of the endothelial tube. The presence of cellular debris, pigment, and lipid between the lamellaell 16, 17 probably represents the remxxnants of former cells which have become trapped between the old and newly formed layers of BL. Finally, the decreased calibers of capillaries with thickened BL may be the result of depositions of BL by new generations of cells against the inside of the previous BL.
It is unknown at the present time whether such cyclic degeneratioxn and regeneration of encdothelium and pericytes could be initiated by focal and intermittent ischexnia or whether it rather indicates an accelerated turnover rate of these cells caused by genetic or metabolic defects.
The correlations of BL thicke-ning with the known duration of the diabetic state and its severity when gauged by the level of plasma glucose were not statistically significant. Also, the ages of the patients and their respective blood pressures had no apparent influence on the width of capillary BL. These findings are consistent with nuumerous previous observations.9 1v 13. 14, te
